In the present study, an aluminum based metallic matrix (Al-4.5wt.% Cu) was successfully reinforced with SiC particulates of two different sizes using an innovative disintegrated melt deposition technique. The results of microstructural characterization studies revealed that smaller SiC particulates (8 μια) lead to a more equiaxed matrix grain morphology when compared to the larger SiC particulates (34.4 μηι). The matrix grain morphology results were rationalized in terms of particulate-size influenced movement and destabilization of the solid-liquid interface. The results of the aging studies revealed an accelerated aging kinetics in the case of composite samples containing 8 μηι SiC particulates when compared to the composite samples with 34.4 μηι SiC particulates and unreinforced samples. The accelerated aging kinetics which is unusual in case of aluminum matrices containing copper in excess of 4 weight percent was rationalized in terms of particulate size associated variation in microstructural features. Results of ambient temperature mechanical tests revealed an increase in 0.2% yield strength and decrease in ultimate tensile strength and ductility in the case of composite samples when compared to the unreinforced samples in the as-processed condition. The mechanical properties characterization results were found to reveal direct correlation with the variation in microstructural features of the metallic matrix such as grain size and dislocation density originating due to the presence and different sizes of SiC particulates.
INTRODUCTION
The potential of metal matrix composites (MMCs) as promising candidate for critical and non-critical engineering applications has primarily been attributed to their ability to unify the usefid properties of metallic and ceramic materials III. In order to fully harness the potential of MMCs it is important to select judiciously the processing technique, metallic matrix, reinforcement and the heat treatment procedure /2-4/ placing special emphasis on the nature of end application. Among these variables, the selection of reinforcing phase is of paramount importance and may embody additional efforts since the same type of reinforcement with either different morphology or size can significantly affect the microstructure and hence the properties of the resultant composite material. In related studies, for example, investigators have extensively reported the effect of type /3-5/ and morphological aspects of reinforcement 161 on the mechanical properties of MMCs. In addition, studies /2, 7-9/ were also carried out to correlate the effect of size of reinforcement with the compressive and tensile properties of the MMCs. Despite these correlative studies, no systematic studies were carried out in order to correlate the effect of particulate size on the microstructural evolution and the microstructurally influenced aging response and mechanical properties of composites.
Accordingly, in the present study an attempt was made to synthesize Al-4.5 Cu based MMCs reinforced with two different sizes of SiC particulates using an innovative disintegrated melt deposition (DMD) technique. Microstructural characterization studies were conducted using optical and scanning electron microscopes while tensile testing was carried out using an automated servohydraulic Instron testing machine. Particular emphasis was placed to correlate the microstructural evolution, aging response and the mechanical properties of the MMCs with the size of SiC particulates.
EXPERIMENTAL PROCEDURE

Materials
The nominal composition of the matrix alloy used in the present study was (in wt. %): 4.5Cu -Al (bal.). Silicon carbide (α-SiC) particulates with an average sizes of 34.4 μιη and 8 μιη were selected as the reinforcement phase.
Processing
The first step in the synthesis of the metal matrix composites using the DMD technique involved cleaning of the starting elemental materials prior to melting in order to eliminate surface impurities. The cleaned elemental materials were taken in graphite crucible and superheated to 950°C. SiC particulates (equivalent to 10 wt. %) preheated to 900°C were then added into the molten metal stirred using an impeller. The stirring time of SiC particulates in the melt was maintained between 10 and 15 minutes. The composite melt was then disintegrated using argon gas at 0.18 m from the melt pouring point under inert atmospheric conditions. The gas flow rate was maintained at 4.17 χ 10" 4 m 3 /s. The disintegrated composite melt slurry was subsequently deposited on a circular shaped metallic substrate located at 0.25 m from the gas disintegration point. For the purpose of comparison, the base alloy superheated to 950°C was also synthesized using similar processing conditions.
It may be noted that the fundamental scientific principles behind the disintegrated melt deposition technique are similar to those of spray atomization and deposition and Osprey forming techniques /3,5/; however, it differs completely with respect to particulate injection in metallic melt, melt disintegration point, melt deposition mode and that the end product is only bulk composite material /10/. A process yield (in terms of the bulk composite material) up to 80% has been obtained using the present methodology owing to the complete absence of overspray powders.
Quantitative Assessment of SiC Particulates
Quantitative assessment of SiC particulates in the DMD processed samples was carried out using a chemical dissolution method. This method involved: i) measuring the mass of composite samples, ii) dissolving the samples in hydrochloric acid, followed by iii) filtering to separate the ceramic particulates. The particulates were then dried and the weight fraction determined/5,10,11/.
Density measurement
Density measurements were carried out in order to ascertain the volume fraction of porosity in the unreinforced and reinforced samples. Density measurements were carried out using Archimedes' principle following the procedure as discussed in References /5,10,11/.
Aging Studies
Aging studies were carried out in order to obtain the peak hardness time for the unreinforced and metal matrix composite samples. The DMD processed specimens (25 mm diameter χ 7 mm height) were solutionized for one hour at 540°C, quenched in cold water and aged at 160°C for various intervals of time. Rockwell superficial hardness measurements were made using a 1.58 mm diameter steel ball indenter with a 15 kg load using a GNEHM HORGEN digital hardness tester following ASTM standard E18-92. A minimum of three hardness readings were taken for each specimen.
Microstructural Characterization
Microstructural characterization studies were conducted on the peak aged unreinforced and reinforced samples in order to investigate the grain size, grain morphology, presence of porosity and the distribution of SiC particulates.
Microstructural characterization studies were primarily accomplished using an optical and a JEOL scanning electron microscope equipped with EDS [Energy Dispersive Spectroscopy]. The unreinforced and composite samples were metallographically polished prior to examination. Microstructural characterization of the samples was conducted in both etched and unetched conditions. Etching was accomplished using Keller's reagent [0.5 HF -1.5 HCl -2.5 HN0 3 -95.5 H 2 0]. The grain size measurements were carried out using the linear intercept method, as described in ASTME 112-84.
Mechanical Behavior
The smooth bar tensile properties were determined on the peak aged monolithic and composite specimens following ASTM standard E8M-91. Tensile tests were conducted using an automated servohydraulic Instron testing machine on round tension test specimens of 4 mm diameter and 20 mm gage length using an initial strain rate of 2.1 χ 10" 4 s'\
Fracture Behavior
Fracture surface characterization studies were carried out on the tensile fractured unreinforced and reinforced samples in order to provide insight into the various fracture mechanisms operative during tensile loading of the peak aged samples. Fracture surface characterization studies were primarily accomplished High Temperature Materials and Processes using a JEOL scanning electron microscope equipped with EDS.
RESULTS
Macrostructure
The overall dimensions of the disintegrated melt deposited composite preforms were approximately 0.035 m in height and 0.055 m in diameter. The specimens for microstructural and mechanical properties characterization were removed randomly across the DMD processed preforms after ensuring the microstructural homogeneity.
Quantitative Assessment of SiC Particulates
The results of acid dissolution experiments are summarized in Table 1 . The weight percentages of SiC particulates was estimated to be approximately 8.8 % for Al-4.5Cu/8jim SiC specimens and 9.6 % for the Α1-4.50ι/34.4μηι SiC specimens.
Density measurement
The results of density measurements conducted on the as-processed unreinforced and composite specimens reinforced with 8 μιη and 34.4 μπι SiC particulates revealed density values of 2.77, 2.70 and 2.67 g cm respectively. The volume percent of the porosity computed using the experimentally determined density values and the results of acid dissolution tests are shown in Table 1 . 
Aging Studies
The results of aging studies conducted on the unreinforced and composite samples are shown in Fig.  1 . The results exhibit the presence of a well-defined hardness peak at 12 hrs for the unreinforced samples and Α1-4.50ι/34.4μιη SiC samples and at 9 hrs for the Al-4.5Cu/8|im SiC samples. The results also reveal that the maximum as-quenched and peak hardness is achieved in the composite samples containing 8 μιη SiC particulates followed by the composite samples containing 34.4 (im SiC particulates and lastly the unreinforced samples. 
Microstructural Characterization
Scanning electron microscopy conducted on unetched and etched unreinforced Al-4.5Cu samples revealed the presence of: predominantly columnar and partly equiaxed matrix microstructure, minimal amount of micrometer sized porosity and interdendritically located Cu rich intermetallic phase. A representative micrograph taken from the unreinforced sample is shown in Fig. 2 .
The microstructural characterization studies conducted on the Al-4.5Cu/34.4pm SiC samples revealed dendritic/equiaxed matrix microstructure (see less when compared to the unreinforced samples (see Table 1 ). The interdendritic/intercellular regions were found to be frequently associated with the presence of Cu rich phases. The metallic matrix also revealed the presence of porosity predominantly associated with short edges and angular locations of SiC particulates and with SiC clusters. The distribution of SiC particulates in the matrix can be assessed from Fig. 3b . The interfacial integrity between SiC particulates and Al-Cu matrix was found to be good (see Fig. 3c ) and in some cases metal free zones (pores) as mentioned above were also observed at angular locations. In addition, the interface formed between the SiC particulates and Al-Cu matrix also revealed the presence of Cu-rich secondary phases.
Finally, the results of microstructural characterization studies conducted on the composite samples containing 8 μιη SiC particulates revealed an increasingly equiaxed (reduced average roundness of the grains) (see Table 1 ) matrix microstructure; grain boundary segregated distribution of SiC particulates; lower cluster size to particulate ratio; superior interfacial integrity and presence of Cu rich phases in the near vicinity of SiC particulates (see Fig. 4 ).
Mechanical Behavior
The results of ambient temperature testing on the unreinforced and DMD processed composite samples, aged to peak hardness, are summarized in Table 2 . The results in Table 2 Another important microstructural feature observed in case of unreinforced and reinforced samples investigated in the present study was the presence of porosity. Both unreinforced and reinforced samples exhibited, in common, the presence of microporosity in the metallic matrix and the reinforced samples, in addition, also exhibited the presence of metal free zones at sharp corners of SiC particulates and within SiC clusters. The formation of microporosity under the experimental conditions used in the present study was inevitable primarily as a result of columnar-equiaxed type of solidification structure exhibited by unreinforced and reinforced samples. The mechanisms associated with the formation of porosity during solidification of materials exhibiting columnarequiaxed type of structure have been previously established and can be found elsewhere /12/. Regarding the amount of porosity, the higher volume percent of porosity observed in composite samples can primarily be attributed to higher viscosity of the composite sluny when compared to the metallic melt /25/ and its subsequent effect on the formation of metal free zones at the sharp corners of the SiC particulates and within the SiC clusters /10, 27/. The higher volume percent of porosity exhibited by Al-4.5Cu/34.4|im SiC samples when compared to Al-4.5Cu/8pm SiC samples can be attributed to the higher cluster forming tendency exhibited by 34.4 μιη SiC particulates (see Table 1 ). The origin of metal free zones within SiC clusters has previously been established in the analogous studies /10, 27/.
The presence of the interdendritic/intercellular Curich phase observed in case of unreinforced and composite samples can be attributed to the sluggish solidification front velocity achieved during primary processing of materials, rejection of Cu ahead of the moving liquid-solid interface and subsequent solidification when the temperature of the remaining liquid reached the eutectic temperature /10-12,27,28/.
Distribution of SiC particulates
The results of the distribution studies revealed that the SiC particulates in both types of composites samples were predominantly located at the grain boundaries. The grain boundary segregation of SiC particulates can primarily be attributed to: i) the inability of SiC particulates to serve as nucleation site for the primary α-Al phase solidification /29, 30/ and ii) the inability of the solidification front to achieve velocity higher than the critical velocity required for the engulfinent of SiC particulate /17,31/.
Further work is continuing to delineate the factors responsible for higher cluster forming tendency exhibited by composite samples containing 34.4 μπι size SiC particulates when compared to the composite samples containing 8 μιη size SiC particulates.
Interfacial Characteristics
The results of the present study indicated that SiC-Al matrix interfacial integrity (assessed in terms of interfacial debonding and presence of voids), under similar processing conditions, was comparatively poor in the case of Α1-4.50ι/34.4μιη SiC samples when compared to that in Α1-4.50ι/8μιη SiC samples. The inferior SiC-Al matrix interfacial integrity observed in Α1-4.50ι/34.4μιη SiC samples can primarily be attributed to the higher viscosity of the composite slurry and its inability to negotiate sharp corners associated with SiC particulates. It may be noted that higher viscosity of the composite slurry in case of Al-4.5Cu/34.4nm SiC samples can be attributed to the higher weight percent of SiC particulates when compared to Α1-4.50ι/8μηι SiC samples (see Table 1 ). The increase in viscosity of the metallic melt with an increase in volume fraction of particulates has previously been established by other investigators 1251.
Another important microstructural characteristic associated with the Al-Cu/SiC interfacial region in composite samples was the presence of Cu-rich secondary phases (see Figs 3c and 4c) . The presence of secondary phases in the interfacial region demonstrate the capability of the dislocation defect structure in the interfacial region in providing preferential sites for heterogeneous nucleation when compared to the bulk matrix 151. The results are consistent with the experimental findings of other investigators obtained on Al-Cu based metal matrix composites using scanning and transmission electron microscopy techniques 15,10,27/. Further work is continuing in order to identify the composition and structural aspects of these secondary phases.
Aging Studies
Aluminum-copper based alloys are amongst the most commonly used alloys in their unreinforced form and more recently as metallic matrices in composite materials /3-6.10/. An understanding of the aging behavior of these alloys is of paramount importance since it provides valuable information regarding the temperature and time combination that is required in order to achieve either underaged, peak aged or overaged conditions. In the past, Al-Cu based alloys were extensively studied to establish mechanisms of hardening /32-34/ and more recently to study the influence of presence of ceramic reinforcement on the precipitation sequence and kinetics /35-37Λ For binary Al-Cu alloys the precipitation sequence can be represented as /32,33/: supersaturated solid solution -> coherent G.P. zones -> metastable Θ" coherent phase -> metastable Θ' semi-coherent phase -> equilibrium θ (CUA1 2 ) incoherent phase.
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This precipitation sequence, however, can be realized under equilibrium aging conditions and may vary with a number of factors. One of the common factors that influences the aging kinetics of both the unreinforced and reinforced Al-Cu based alloys is the temperature of aging /33,36/. An increase in aging temperature, for example, leads to a decrease in the time required for achieving peak hardness and suppresses the formation of G.P. zones /33,36/ in both the unreinforced and reinforced Al-Cu based alloys. Amongst other factors that influence aging kinetics of the Al-Cu based alloys include the type of processing, type of reinforcement, and the volume fraction of the reinforcement /35-37Λ
In this work, the results of the aging studies reveal that the as-quenched and peak hardness of the metal matrix composite samples is higher than that of their monolithic counterpart. This can be attributed to: a) higher dislocation density present in the composite matrix as a result of the mismatch between the coefficient of thermal expansion of the metallic matrix and the ceramic reinforcement /5,38/, and b) pronounced matrix microstructural refinement in the composite samples as evidenced from the reduction in grain size (see Table 1 )
The relatively higher hardness exhibited by Al-4.5Cu/8nm SiC samples when compared to the Al-4.5Cu/34.4|im SiC samples besides having lesser weight percentage can be attributed to the coupled influence of: a) superior ability of 8 μιη SiC particulates to increase the dislocation density in the metallic matrix when compared to 34.4 μιη SiC particulates 111, b) superior ability of 8 μπι SiC particulates to refine grain size (see Table 1 ) that can be attributed to their relatively more uniform distribution and lower SiC clusters to particulate size ratio in the metallic matrix, and c) lower amount of porosity (see Table 1) The results of the aging studies also revealed that Al-Cu matrix reinforced with 8 μιη SiC particulates exhibited accelerated aging kinetics when compared to the unreinforced samples and Α1-4.50ι/34.4μηι SiC Table 1 ), b) reduced particulates' associated porosity, c) relatively more uniform distribution of SiC particulates as evidenced by lower clusters to particulate size ratio, and d) large number of SiC particulates and associated increased number of heterogeneous nucleation sites.
The accelerated aging can be explained, in part, by the increase in grain boundary area (as a result of 0.62 times the grain size of Al-4.5Cu matrix containing 8 μηι SiC particulates when compared to the grain size of Al-Cu matrix with 34.4 μιη SiC particulates) and its ability to promote the nucleation of the strengthening phases as a result of the reduced activation barrier for the heterogeneous nucleation /33/. The experimental confirmation of the heterogeneous nucleation of the precipitates at the grain boundaries in case of Al matrices has been established previously /5,39/.
The minimal presence of porosity at the matrix-SiC interfaces as in the case of composite samples with 8 μηι SiC particulates may also encourage accelerated aging kinetics by assisting the sequential events involving: generation of misfit strains due to difference in coefficient of thermal expansion between SiC particulates and matrix /22,40/, punching of dislocations in the matrix /38/, and the subsequent heterogeneous nucleation of the strengthening phases in the matrix. The presence of porosity at the particulates' interface, that was relatively more prominent in the case of composite samples containing The accelerated aging kinetics exhibited by Al-4.5Cu/8|im SiC samples can also be attributed to the more uniform distribution of SiC particulates and relatively smaller size of SiC clusters. In analogous studies /42/, for example, investigators showed that the uniform distribution of SiC particulates achieved by using different processing technique assisted in accelerating the aging kinetics. This was essentially rationalized in terms of reduced ability of SiC particulates present in clusters to punch dislocations in the matrix when compared to SiC particulates present individually in the matrix. The diminishing ability of SiC particulates present in clusters to punch dislocations reduces the nucleation tendency of the strengthening phases in the near vicinity of SiC particulates ( and thus does not help in accelerating aging kinetics) as a result of: i) reduced segregation of alloying elements in the matrix adjacent to SiC particulates and thus the compositional requirement for formation of precipitates /41/, and ii) reduced heterogeneous nucleation sites in the form of dislocations. It may be noted that SiC clusters are often associated with the presence of porosity /42/ and this enables the individual SiC particulates in the cluster to readjust themselves when acted upon by the compressive forces during quenching from the solutionizing temperatures, thus reducing the extent of misfit strains in the adjacent matrix.
Finally, the accelerated aging kinetics exhibited by Α1-4.50ι/8μιη SiC samples can also be attributed to approximately 73 times the number of SiC particulates in the matrix. This indicates the presence of a greater number of uniformly distributed heterogeneous nucleation sites when compared to the Al-4.5Cu matrix containing 34.4 μηι SiC particulates even after considering similar distribution pattern. This relatively large number of heterogeneous nucleation sites will be instrumental in facilitating easier nucleation of strengthening phases thus accelerating the aging kinetics /4,41/.
The results of the aging kinetics thus indicate that the aging kinetics of Al-4.5Cu matrix can be accelerated if the influence of SiC particulates is significant enough to bring marked microstructural changes leading to an increase in number of heterogeneous nucleation sites.
Mechanical Behavior
The results of mechanical properties characterization revealed a higher 0.2% YS and reduced UTS and ductility in case of reinforced samples when compared to the unreinforced samples (see Table  2 ). The higher 0.2% YS from unreinforced samples to Al-4.5Cu/34.4nm SiC samples to Α1-4.50ι/8μπι SiC samples can be attributed to an increase in dislocation density in the metallic matrix. The higher dislocation density in the composite samples when compared to the unreinforced samples can be attributed to the presence of SiC particulates /2-5,38/ while amongst the composite samples the higher dislocation density in the case of Al-4.5Cu/8nm SiC samples can be attributed to the ability of finer SiC particulates to generate higher dislocation density 111. The results of the present study are consistent with the findings of other investigators 111 establishing that up to strain levels of 0.002, the deformation behavior that determines the tensile yield strength depends on the spacing parameters on the scale of microstructural features such as precipitates or punched out and thermally induced dislocation forests. It may -further be noted that the 0.2% YS of the composite samples have been reported to increase 161 or decrease 15, 6, 9, 43/ when compared to their monolithic counterpart primarily depending on the composition of the metallic matrix.
The lower value of UTS exhibited by composite samples when compared to the unreinforced samples can primarily be attributed to the presence of porosity in range of 4.6 to 5.78 volume percent. The porosity associated reduction in strength has been previously established by other investigators for steels, copper and aluminum based alloys /43,44/. Bocchini and Payne et
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al. /43,44/, for example, asserted that the presence of pores lead to weakening of a material by reducing the amount of stress bearing area and therefore lower the amount of stress the material is able to withstand.
Finally, the reduction in ductility exhibited by composite samples when compared to the unreinforced samples can be attributed to the reduced cavitation resistance of metallic matrix as a result of presence of porosity, SiC particulates and SiC clusters. This is in accordance with the studies conducted by other investigators /2,5,6,9,10,45/ on aluminum based metallic matrices reinforced with different types of reinforcing phases. The present study did not reveal any clear dependence of ductility on SiC particulate size.
It may be noted that the UTS and ductility values shown in Table 2 for the composite samples in the as-processed condition should be considered lower bound and can significantly be improved by eliminating porosity using thermomechanical processing techniques such as extrusion.
Fracture Behavior
The results of the fracture surface analysis indicated a relatively more brittle fracture in case of composite samples when compared to the unreinforced samples. These results are consistent with the mechanical properties results which show a significant reduction in ductility of composite samples (see Table 2 ). The relatively brittle fracture exhibited by composite samples can primarily be attributed to the SiC particulates associated crack initiation and the presence of porosity. The presence of SiC particulates and the associated secondary phases and intermetallics in the interfacial region /4,5,11,27/, for example, promotes early microcracking and premature failure as a result of overlapping of their plastic fields /46/. In addition, the presence of SiC particulates in the form of clusters also promote early crack nucleation as a result of high stress triaxiality generated in these regions /4,5/ and is supported by the fractographic results obtained from both the types of composite samples investigated in the present study.
Amongst the composite samples, the presence of increased number of cracked SiC particulates in the
